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Abstract 
I discuss the preliminary results of the LEP experiments ALEPH,  DELPHI ,  L3 
and OPAL on the rare Z decays. Limits of about 10 -5 on the branching ratios 
are reported by most experiments. The question of excess in the ~-TV final state 
remains unsettled. From the analysis of the L3 data the ZZ ~ mixing angle is 
confined to -t-1.5 ~ for most extensions of the Standard Model of electroweak 
interactions. 
INTRODUCTION 
In this note we consider the Z decays that 
are either forbidden or have very small par- 
tim widths in the current theories uch that a 
positive signal in the present LEP data would 
be interpreted as the manifestation of new 
physics. We also review the search for anoma- 
lies in the four fermion final states near the 
Z pole and present the limits on Z ~ parame- 
ters from direct line-shape measurements by 
the L3 collaboration. 
LEPTON FLAVOUR VIOLATING DECAYS 
So far, all experimental results support 
the concept that the e,# and r lepton num- 
bers are individually conserved. At the same 
time the extensions to the Standard Model, 
such as ones with exotic gauge bosons or 
fermions, predict branching ratios as large 
as 10 -4 for the lepton flavour violating de- 
cays: Z --+ e#,eT and #T. 1 Experimentally, the 
largest source of background for the eT and #r  
decays is the Z --~ r r  channel where one r de- 
cays into eva  or #uu with the electron or muon 
energy near the allowed maximum. Hence a 
good electron and muon energy resolution is 
crucial for the above measurements. This is 
demonstrated in figure 1 from the L3 exper- 
iment showing the electron energy in Z--+ eT  
and from the r decay in Z-+ fT. Although 
for clarity only the last few bins of the back- 
ground spectra are shown, the normalization 
is over the entire range. The energy resolution 
is 1% for 45 GeV electrons and with a 2a cut 
on the electron energy only one candidate is 
accepted in the data, where 1.2 events are ex- 
pected from the TT  Monte Carlo. The results 
of the four experiments 2-5 are given in table 1. 
For comparison we also show the limits on the 
Z branching ratios est imated from the mea- 
surement of the low energy processes listed in 
the table. These are the updated values of the 
limits given in ref. 6 using the most recent 
entries in ref. 7. For Z--+ eT  and #r  the LEP 
limits are more stringent han those extracted 
from the low energy data. For Z--+ eft the LEP 
sensitivity cannot match that of the low energy 
measurements. However, it is worth noting 
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Figure 1. Electron energy spectrum from L3 experi- 
ment. Solid hystogram is the 7-7" Monte Carlo and the 
solid points are the 7"7" data. 
that the measurements involving light particle 
decays are not sensitive to all lepton flavour 
violating couplings as some of those appear 
with small coefficients in the Lagrangianfi For 
the Z decays all coefficients are comparable, 
and if the couplings that are unconstrained 
by the low energy data happen to be anoma- 
lously large the extracted limits would be in- 
valid. Hence it is important o measure all 
three branching ratios directly at LEP. 
Z DECAYS WITH A VECTOR BOSON 
IN THE FINAL STATE 
In this section we consider the Z decays 
containing one or more 3"s or a W boson (see 
table 2). They typically have branching ratios 
of order 10 -1~ (10 -7 for Z-+ XW) in the Stan- 
dard Model s , or are forbidden, as is the case 
for Z--+ ~.  With such small branching ratios 
these decays hould be far beyond the reach of 
Table 1. Upper Limit on Branching Ratios 
at 95% CL in Units of 10 .5 
Decay Z--~e# Z-+er  Z--+#r 
Exp. 
ALEPH 1.0 8.0 5.5" 
DELPHI 1.9 7.0 8.0 
L3 1.5 3.0 2.9 
OPAL 4.6 7.2 35.0 
Low Energy 6. 10 -s 10.0 5.0"" 
Data /2 --+ eee 7" --~ eee v --+ pTr 
LEP; their detection would signal physics be- 
yond the standard model. The limits for the 
Table 2. Upper Limit on Branching Ratios 
at 95~ CL in Units of 10 .5 
Exp. 
Z--~ 
~o,.), 
77"7 
q~-y 
7rW 
KW 
pW 
DW 
XW 
ALEPH DELPHI 
89-91 90-91 
16 15 
2.9 28 
2.5 
0.9 
2.2 
2.2 
2.6 
4.4 
3.7 
5 Z peak data only 
* data up to July 1992 
2.3 
L3 OPAL 
90-91 89-90 
12 14 
" 14 
4.7 20 
2.5 
2.9 
3.35 6.6 
2.6* 
2.6* 
4.1" 
branching ratios of Z--+ 7% rr~ r/7 and 777, 
with r 7 decaying into neutrals are obtained by 
observing deviations from the QED cross sec- 
tion for e+e - -+ "/'7(')'). 1'9-13 For L3, only the 
limit from the charged decay modes of 17 is 
quoted. In the ALEPH analysis both neutral 
and charged decay modes of r/ were studied, 
where r/--~ -y-y or 37r ~ decays could be distin- 
guished by their relatively broader electromag- 
netic showers in the detector compared to a 7 
or a ~r ~ For J and W only the leptonic final 
states are considered since the hadronic decay 
modes suffer from a large Z--+ q~/background. 
The measured limits on the branching ratios 
are about 10 -5 . 
SEARCH FOR NARROW RESONANCES 
. 
The l+l - 'y  and q~/'y final states have been 
studied at LEP with no report of any anoma- 
lous yield for hard photons. The results have 
been interpreted in terms of the production 
of a narrow resonance Y which decays into a 
pair of charged leptons or quarks)  4-17 The up- 
per limits on the product of the branching ra- 
tios BR(Z --+ Y 'y )x  BR(Y --+ l+l - or q~/) are 
shown in Table 3. The L3 collaboration has 
also searched for final states with hadrons plus 
a scalar particle S that decays into two pho- 
tons. To determine the limits on the branch- 
ing ratio for this process a model is needed for 
acceptance calculations. One candidate is the 
Higgs boson which couples to two photons via 
loop diagrams involving charged fermions and 
W bosons. For this case an upper limit on the 
branching ratio of 3 x 10 -5 is obtained at the 
95% confidence level. 
Figure 2. An example diagram for e+e - ---+ f f f ' f '  
FOUR FERMION FINAL STATES- 
UPDATE ON ' l lV'  EVENTS 
An example Feynman diagram for four 
fermion final states is shown in figure 2. The 
cross section is dominated by diagrams where 
f ' f '  is produced by a virtual photon; hence 
in general it has a low invariant mass. Here 
we consider only the cases where f f  is a pair 
of charged leptons and f~f '  is a pair of oppo- 
sitely charged particles of the same type. An 
example of the so called l lV  event is shown in 
figure 3. In the initial study using their 89/90 
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Figure 3. A #+#-#+#-  event. Muon energies for 
wide angle pair are 35.1 and 40.6 GeV and for the small 
angle 'V' they are 9.0 and 7.2 GeV. The invariant mass 
of the 'V' is about 2 GeV. 
data ALEPH observed a significant excess of 
events in the r rV  channel)  s Since then all 
four groups have analysed their data in this re- 
spect and the results are shown in table 4.10'2~ 
The ALEPH study using a larger sample still 
shows some excess in the TTV channel but with 
somewhat reduced significance. DELPHI  data 
with lower statistics also exhibit excess in this 
channel. Based on the total numbers reported 
by the four LEP experiments some excess in 
the TTV channel is present but more data are 
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Table 3. Upper Limit on Product of Branching Ratios at 95% CL in Units of 10 -S 
Y ~ e+e- Y -+ #+#- Y -+ T+T- Y --+ qC=l H~ --+ 77 Mass range (GeV) 
DELPHI  - - - 37 - 10 - 80 
L3 6.6 6.9 5.9 32 3.6 30 - 86 
OPAL 11 7.1 11 - - 65 - 83 
Table 4. Observed and Expected number of l lV Events 
e+e-V #+/z-V 
Experiment Period 
ALEPH (1989 -1991) 
DELPHI (1990 -1991) 
L3 (1991) 
OPAL (1990-1991) 
TOTAL 
I data MC 
18 18.2 
11 9.9 
8 6.3 
21 27.7 
58 62.1 
data MC 
18 15.1 
9 9.3 
5 4.0 
18 15.3 
50 43.7 
T+T-V 
data MC 
18 7.4 
8 3.9 
4 4.0 
11 9.5 
41 24.8 
needed to shed light on this question. 
ADDITIONAL HEAVY NEUTRAL 
GAUGE BOSON 
Finally the L3 results on the heavy gauge 
boson Z I are presented. Most extensions to 
the Standard Model involve such a gauge bo- 
son. In general the Z mass and its couplings 
to the fermions are affected through ZZ I mix- 
ing. One can obtain indirect information on 
the Z ~ parameters by performing a model in- 
dependent fit to the data and comparing it 
with the Standard Model. A more direct ap- 
proach, adopted in the L3 analysis, is to mod- 
ify the relevant formulae for cross sections and 
asymmetries to incorporate the Z ~ and then fit 
to the data. 21 The additional parameters in- 
volved are the Z ~ mass Mz,, the ZZ ~ mixing 
angle O M and a model dependent parameter 
related to the Z I couplings to the fermions. 
Two well known models are the Es: 
SU(3)c | SU(2)L | V(1)y|  U(1)• | U(1)r 
StandardModel Z'=cosOs x+sin08 r 
where 06 is the model parameter and the Left- 
Right Model: SU(2)L|174 with 
the parameter aLn. 
The 90/91 data of L3 were analyzed for all 
possible values of 
- r r /2  _< 06 _< rr/2 and 
v'2/3 < < ,/2 
A top quark mass of 150 GeV, Higgs mass of 
300 GeV and an as value of 0.12 were used in 
the study. Figure 4 shows the excluded values 
of 19mix and 196 for the Es model for the val- 
ues of Mz, greater than 200 and 700 GeV. For 
196 = 0 (X model) the excluded values of 19M 
are shown in figure 5 for a given Mz,. From 
this plot Mz, must be greater than 120 GeV. 
The excluded values of 19M and aLn are given 
in figure 6. 
CONCLUSIONS 
Vast amount of data have been analyzed 
by all four LEP experiments in the last three 
years. No new particles or anomalously high 
branching ratios for rare decays of the Z have 
been reported. Upper limits at 95% CL of or- 
der 10 -5 have been set on the branching ratios 
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Figure 4. Excluded values of Ornix and 06 for Mz, > 
200GeV (crossed region) and for Mz, > 700GeV 
(dotted region) for the E6 model. 
for lepton flavour violating Z decays, rare Z 
decays, and the production of new narrow res- 
onances in the mass range 10 - 86 GeV. Some 
excess in the ~-TV topology is still present and 
awaits more LEP data for clarification. The 
ZZ ~ mixing angle is limited to 4-1.5 ~ for most 
models. 
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Figure 5.~ Excluded values of the Mz, and O M for the 
X model. 
Figure 6. Excluded values of OM and O~LR for Mz, > 
200GeV (crossed region) and for Mz, > 700GeV 
(dotted region) for the Left-Right model. 
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